e collapsibility of loess has constantly been a major problem in engineering geology. e determination of the collapsibility process and characteristics of loess are crucial to foundation construction and residents' life in the Loess Plateau. us, a largescale in situ irrigation collapse experiment was conducted on a 10 m 2 test pit. A total of 79 benchmarks are used in this experiment. ese benchmarks are divided into three categories, namely, deep-buried steel pipe benchmarks, ground benchmarks inside the pit, and ground benchmarks outside the pit. e irrigation and observation time spanned 40 days. In the entire irrigation experiment, a three-day water suspension period resulted in two peaks on the collapsibility velocity curve, thereby showing a remarkable difference in the collapsibility curve from the standard one. In terms of the microstructural deformation types of loess and infiltration process of irrigation water, we found that the collapsibility of loess is a dynamic process apart from being particularly sensitive to water. at is, even after a full collapse of the irrigation process, new pores will eventually form once the water content in the loess begins to decline, thereby providing conditions for another loess collapse. erefore, multilevel collapsibility can occur during continuous irrigation, which is a problem that has been unexplored in previous applications.
Introduction
Loess is a special engineering geological material but has been found to collapse during the humidification process because of its open metastable structure [1, 2] . ese porous materials, which are bonded to silt and sand particles by clay particles, exhibit different properties from other materials [3, 4] . Under dry conditions, loess can maintain a favorable upright position [5] , even at a steep slope of approximately 90°; however, this material will collapse under its own weight or under load once immersed in water [6] . A collapse can cause a series of problems and huge financial losses to infrastructure projects on collapsible loess soils and collapse-induced geological hazards [7] . For example, slope failure and cracking caused by a collapse in the South Jingyang Plateau have considerably reduced the arable land in the area since 1976 [8] , and over 300 buildings have been destroyed [9] .
Research on the collapsibility of loess can be traced back to the 1940s [10] , and these studies have been conducted with the requirements of infrastructure construction and progress of science and technology. Initially, in some studies, scholars summarized several properties of collapsible loess to meet the needs of simple engineering construction according to macroscopic test and experience. Collapsible loess was divided into two types, namely, gravity and nongravity collapsible loess in accordance with its causes, properties, and deformation characteristics [11] . On the basis of relative wetting coefficient, loess can also be divided into three grades, namely, slight, medium, and strong collapsible-prone loess [12] [13] [14] ; however, the composition, pore types, and mineral composition of loess particles have been rarely studied owing to the backward means of observation [15] [16] [17] . After the 1970s, the study of loess has been gradually transferred to a microstructure through scanning electron microscopy (SEM) in loess research. Several studies have provided various summaries of loess microstructure through diverse means and classified the contact mode, pore size, and type of loess particles. Lei [18] , Gao [19] , and Barden et al. [4] proposed a perspective that classifies the particles into sand grain, silt grain, and clay particle. ey divided the pores into four types (i.e., macro, spaced, intergranular, and intragranular pores) on the basis of the particle contact mode. Accordingly, existence of these pore types provides the conditions for the transformation between the pore types and loess collapse. e development of software technology has resulted in an increasing number of research studies focusing on the quantitative study of collapsible loess. Image analysis software applied to the medical field was introduced for the quantitative analysis loess images. In particular, ImageJ and Image-Pro Plus have been the most frequently used tools for measuring the shape parameters of sand grains (i.e., polygon area, max or mix diameter, and Feret size) [20] [21] [22] . Other studies have obtained similar results by using non-image processing software, such as MATLAB [23] . Several mathematical methods have been applied to loess mineral identification and effectively functioned [24, 25] . Accordingly, many mechanisms of loess collapsibility have been proposed on the basis of the previous quantitative and qualitative research results. Scholars and experts have generally accepted the following standpoint: loss of capillary tension [10, 16, 26] , solution of soluble [11, 27] , shortage of clays [28] , and under compaction [26, [29] [30] [31] . Elastoplastic modeling and other approaches based on the concepts of elastoplastic or natural loess tests can interpret the reason for loess collapse and be used as a tool for predicting the volume change in collapsible loess in a certain situation [32] .
Some studies have analyzed the saturated collapsibility of loess and the deformation characteristics of special soil under special conditions. Sillanpää found that the cycles of wetting and drying in silty clay loams result in an increase in the mean weight diameter (M. W. D.) of large aggregates and the cycles of freezing and thawing water contents near saturation lead to a decrease in M. W. D. of large aggregates [33] . Chamberlain believed that the dynamic change of clayey silt and silt clay structure will occur during the freezing and thawing process [34, 35] . Key et al. indicated that the tensile strength and shear strength of aggregates are dynamic properties and that the strength will change during the freezing and thawing or wetting and drying process [36] [37] [38] [39] . Such dynamic changes in structure and strength will lead to dynamic changes in the stability of natural loess [40] . However, only a few studies have been conducted on the change in loess structures and whether the loess that had already collapsed continues to undergo a change in volume when it encounters water again. erefore, the multilevel collapsibility of loess is determined by irrigation test, and the causes of multilevel collapsibility are analyzed in a microscopic scale using SEM.
Materials and Methods

Location and Climate.
Jinya Town is a crucial courier station on the ancient Silk Road. is town is located east of Lanzhou city and west of Yuzhong County and is only 18 km from Lanzhou and 20 km from the county seat ( Figure 1 ). Jinya Town, resulted from the long and narrow terrain of Gansu Province, serves as a transportation junction for the Lanzhou and Longzhong regions. In addition to the Lanzhou-Lianyungang Railway and China National Highway 309, Chan-Liu highway and Baoji-Lanzhou High-Speed Railway Double line are nearly being opened to traffic and pass through the town. e Wanchuan River, which is a tributary of the Yellow River, flows through the territory from east to west. Since the Quaternary Period, the Loess Plateau has been intermittently uplifted owing to the Qinghai-Tibet Plateau, and the Yellow River and its tributaries have been cut down continuously, thereby forming a multilevel terrace that accepts loess deposition. e multilevel terrace has become a loess-covered terrace that spreads along the two sides of the river, with flat and open terraces.
e Wanchuan River terrace is a typical example. e land on the south side of the river is relatively broad and extensively known for cauliflower, broccoli, celery, and tobacco grown in the area. By contrast, the north side of the river has limited land but with numerous industrial enterprises and is an important plastic manufacturing base in Gansu Province.
Jinya Town is situated in the temperate zone and enjoys a semiarid climate with hot summers and cold dry winters. e monthly 24 h average temperature ranges from -5.8°C in January to 21.4°C in July. e mean annual temperature is 9.1°C, while annual rainfall is 400 mm, nearly all of which falls from May to October.
Basic Physical Properties of Loess.
e experimental site was selected from the Jinjiaya village farmland, which is on the third terrace of the Wanchuan River. Figure 2 shows that this third terrace of the Wanchuan River is 60-70 m above the river surface. e upper part of this terrace is approximately 30 m thick Malan loess formed in the upper Pleistocene of the Quaternary, the middle part is approximately 15 m thick interlayer of Lishi loess and Paleosoil, and the bottom part is a thick sand and gravel layer formed by alluviation and diluviation of the middle Pleistocene of the Quaternary. Previous studies combined with optical stimulated luminescence dating and carbon-14 dating showed that the formation age of the lowest layer of loess on the third terrace was not earlier than 54.41 ± 4.89 ka [41] . e samples were obtained by the artificial vertical excavation of exploration well with a diameter of 1.0 m and depth of 5.1 m. After removing 30 cm of topsoil and cultivated soil on the surface, a group of soil samples were taken at intervals of 60 cm and 9 layers of soil samples were obtained in the 5.1 m deep exploration well. Each layer of soil sample contains 4 ring knife samples for measuring the collapsibility coefficient, 1 ring knife sample for measuring permeability, 1 ring knife sample for scanning under SEM, 3 aluminum box samples for measuring the water content and speci c gravity, and 200 g of loose soil samples for measuring the liquid limit and plastic limits. e particles, which are typical representative of the silt Malan loess zone, are evenly distributed and well sorted. e loess grading is determined with a laser particle size e particles within the 5.1 m deep artificial exploratory well are mainly composed of silt, followed by sand (approximately 29% content) and clay (generally below 10.5% content) (see Figure 3 ). is combination of particles may easily form porous media because of the presence of many large particles and the pore structure is generally unstable. Under a dry condition, the loess is pale gray yellow, lumplike, and can withstand high pressure without being damaged, although it is mainly composed of silt. Under a wetting or soaking condition, the strength and cohesion of dark brown loess decline sharply. is type of loess can be crushed by hand with minimal pressure and is easy to disperse during sample preparation, thereby resulting in failure. Table 1 shows that the soil water content obtained in an oven (DHG-9420A) fluctuates at approximately 17% in the 5.1 m deep range after rain one day before sampling. e result of this small change shows the uniformity of soil particle distribution in this area and the considerable permeability of loess, which are confirmed by subsequent permeability tests. e dry density of loess slightly changes only with an increase in depth, which is maintained at 1.35 g/ cm 3 . e specific gravity of loess measured using the pycnometer method with kerosene as medium ranges from 2.735 to 2.944, which is higher than that of the fine grain loess in the east. e liquid and plastic limits are approximately 30.1 and 19.2, respectively, and the liquid limit tends to decrease with depth. We performed an indoor collapsibility experiment on 20 ring knife samples made in the field and calculated the collapsibility coefficient of each layer of loess using the double-line method (model WG single-lever consolidometer: triple high pressure).
e collapsibility coefficients of all ring knife samples are greater than 0.015 (see Table 1 ). ese results verify that the loess in this region has typical collapsibility. Loess funnel and loess collapsible pit of approximately 3 m in diameter are frequently observed on the Loess Plateau surface. e uniformity and continuity of soil are evidently represented by the uniformity coefficient (Cu) and curvature coefficient (Cc). In the Malan loess in Jinya Town, the Cu and Cc values are 8.30 and 1.69, respectively. From an engineering viewpoint, this soil is well graded (Cu ≥ 5, Cc = 1∼3). e characteristics of loess are mainly composed of silt particles, loose structure, and favorable permeability. ese characteristics may facilitate the immersion of water into the loess depths under continuous rainfall or sufficient irrigation and form a large-scale collapsibility phenomenon. ese occurrences cause considerable disturbance to local residents' life and production and reflects a normal order.
Experimental Settings and Observation.
e majority of the previous studies have been focused on the primary saturation collapsibility of loess, but no further research has been conducted on the saturated loess [42, 43] . In Jinjiaya village, the farmland still remains collapsible loess after perennial flood irrigation. On this basis, we arranged a large test pit on the farmland of Jinjiaya village to observe the deformation of loess in a state of full water. e code for building construction in collapsible loess regions in China (GB-50025-2004) was used as basis to design the test pit as a square with a side length of 10 m and a depth of 0.5 m. A 10 cm thick gravel layer was laid at the bottom of the pit to prevent water from eroding and destroying the soil and measurement benchmarks during irrigation. ree types of benchmarks were placed inside and outside the pit. e first type is the deep-buried steel pipe benchmarks, which is used to measure the collapsibility of loess at a specific depth. For example, the change for the benchmark at 8 m occurs only when the loess collapses below 8 m.
ese benchmarks were placed inside the pit according to certain rules. Benchmarks 1-5 were arranged at equal intervals in a clockwise direction of a circle with a 1 m radius from the test pit center and were 2, 4, 6, 8, and 10 m deep. Benchmarks 6-10 were arranged in the radial direction of benchmarks 1-5, and the distance from the center of the circle was 2 m (see Figure 4 (c)). e depths of the benchmarks on the same radius were the same. For example, benchmarks 1-6 have the same depth of 2 m and benchmarks 5 and 10 were 10 m. Figure 4 (a) shows that the deepburied steel pipe benchmark is composed of an unplasticized polyvinyl chloride (UPVC) pipe, steel pipe, steel bar, steel bottom base, and a 2 m steel ruler. e UPVC pipe with inner and outer diameters of 50 mm and 60 mm, respectively, was placed into the Luoyang shovel with a diameter of 70 mm as a sleeve to prevent the shovel from collapsing. e sleeve was locked at the position of the orifice, whose upper end was 30 cm above the ground and the lower end was 30 cm above the bottom of the shovel. Inside the sleeve, the pole of the deep-buried steel pipe benchmark was made of steel pipe with an outer diameter of 25 mm. e lower end of the steel pipe was sealed using a steel sheet with a diameter of 30 mm and acted as a bearing plate to prevent the steel pipe from sinking into the soil given its own weight. Consequently, the reliability of the measurement results was affected. e upper end of the pole was a steel bar with a length of 3 m and a diameter of 16 mm. e steel bar was welded using a steel ruler with a length of 2 m and a scale of 1 mm. is steel bar was used to indicate the collapsible amount of loess at the specific depth.
Another type of measurement mark in the test pit was the ground benchmark (benchmarks which were used to measure the total collapsibility of loess. Similarly, these benchmarks were placed on two axes and two diagonal lines of the test pit in accordance with definite rules. Figure 4 (c) shows that with the exception of benchmark 11, which was located at the center of the pit, the other benchmarks were located at each four six-quantile points and end points of the axis and diagonal lines. Given that the 25 benchmarks were set on the ground, they were all constructed similarly. is type of benchmark consisted of a steel bar, steel ruler, and a base. e steel bar with a length of 3 m and a diameter of 16 mm was anchored to a base of four layers of brick. e steel ruler with a length of 2 m and a scale of 1 mm was welded to the aforementioned steel bar. ese 4 Advances in Civil Engineering ground benchmarks were utilized to observe the total amount of collapsible loess in the test pit. e third type of measurement mark was the ground benchmarks set outside the test pit. In contrast to the ground benchmarks in the test pit, these benchmarks outside the pit were simple because the irrigation collapse experiment only has a minimal e ect on the outside area of the test pit. ese measuring marks were arranged in four extension lines of the two pit axes. A total of 10 measuring marks on each extension line were arranged from near to far in accordance with the following spacing: 0.5, 0.5, 1, 1, 1.5, 1.5, 2, 2, 3, and 3 m (see Figure 4 (b)). e brick base and large iron nail were the main components of the ground benchmark. e top of the large iron nail was 1 cm above the ground, and the remainder was xed on the base under the ground by cement mortar. During the irrigation process, the three types of benchmarks were observed and tallied synchronously. e total duration of irrigation in this experiment was 40 days. Figure 5 shows the daily water consumption measured using the triangular weir. In the initial test stage, the changes in various benchmarks were observed using levels once a day. After half a month, the observation frequency was changed to once every 2 days and once every 5 days after one month. Finally, the test was terminated when the average daily collapsibility was below 1 mm, thereby reaching the stability standard required by the code for building construction in collapsible loess regions. e scanning samples made in the eld were scanned with an electron microscope before and after humidi cation to acquire an improved understanding of the collapsibility of loess and reveal the microstructural changes in the loess collapsibility process. Similar to previous research methods, 18 scanning samples were prepared by semigel injection, and the samples before and after humidi cation were observed by SEM with the stepwise magni cation method [44] .
Results
To explain the collapsibility process of the loess, we selected the central point (11#) of the test pit, maximum collapsibility point (27#), and point with the maximum change in collapsibility at depths of 2, 4, 6, 8, and 10 m (corresponding to 1#, 2#, 3#, 4#, and 10#, respectively) to produce the collapsibility process curve, which can be called the settlementtime (S-T) curve (see Figure 6 ). e collapsibility process curve in Figure 6 (a) shows that all the curves were inverse S-shaped, and the entire collapsibility process was consistent regardless of depth. at is, a complete collapsibility process includes the initial reaction, intermediate collapsibility, and the nal stable periods.
During the initial reaction period, the time and depth at which the benchmark at a speci c loess depth begins to settle were nonlinear considering that the permeability of each layer obtained through the indoor variable head permeability test (TST-55) was di erent. e relationship between time and depth was related to the permeability of loess. Figure 7 shows that the x and y coordinates are used to represent permeability and depth, respectively, to re ect the Advances in Civil Engineering permeability of each loess layer visually. e gray scale size indicates the permeability coe cient of loess. e darker the colors, the faster the water can pass through the area. Light colors denote the di culty for water to pass through.
Moreover, each rectangular area in the histogram represents the amount of water that can pass through this loess layer per unit time. From this gure, we could draw an evident conclusion that water can quickly in ltrate into the well- permeable soil layer, which makes the structure of the soil change and the settlement occur rapidly. By contrast, the poor permeable soil layer will experience delays for the loess to begin to collapse. Figure 6 (b) illustrates the di erence in time when the settlement of each benchmark starts to change. Considering that benchmarks 11 and 27 were laid on the ground, the two benchmarks settled at the beginning of irrigation. By contrast, benchmark 1, which was laid at the depth of 2 m, did not settle until the second day when the water reached this depth. Benchmark 10 at a depth of 10 m started sinking on the fth day. Here, the permeability coe cient was measured using the permeameter in the laboratory. is value could only be used as a reference to indicate the relative permeability velocity of the discrete layers of loess. In the actual eld, the permeability velocity was considerably higher than the measured indoors. On the fth day of the eld irrigation experiment, the water had in ltrated 10 m underground, which was unimaginable in accordance with the permeability coe cient measured in the laboratory. e duration of this period was brief: the longest is 2 days and the shortest was only 1 day. e settlement of all types of benchmarks was minimal and generally maintained within 0.6 mm.
Given the increase in irrigation water and continuous in ltration of water into deep depths, the test pit eventually entered into the collapsibility period, during which the benchmarks decreased rapidly. Similar to the rst period, the end time of this period (although unobservable) was delayed with the increase in depth. For example, benchmark 27 stabilized after a total settlement of 22.85 cm on the 28th day. By contrast benchmark 10 took another 4 days to stabilize. Figures 6 and 8 show that di erences were evident between this collapsibility process curve and the typical collapsibility process curve [45, 46] . at is, the typical curve is a smooth curve at this period, whereas the curve shown in Figure 6 (a) showed several twists and turns from the 11th to Advances in Civil Engineering the 14th day. e derivative of a smooth curve has only one extreme value (i.e., only one peak can be presented in Figure 8 ), but two peaks emerged on the 6th and 14th day. We carefully examined the abnormal phenomenon and compared the relationship between the irrigation and collapsibility processes. is abnormal phenomenon occurred on the 11th day to the 14th day of irrigation suspension because of a mechanical problem. Prior to the suspension of these irrigation experiments, the collapsibility velocity had shown a considerable downward trend. Furthermore, the collapsibility velocity had decreased from 0.8 cm/day to 0.6 cm/day from the 8th to the 9th day. However, the collapsibility velocity increased when irrigation was resumed and reached its peak on the 14th day, which was only 1 day later than the suspension of the irrigation. is interesting phenomenon has aroused our concern about multilevel collapsibility of loess because we have constantly believed that the loess is saturated during the entire irrigation process, particularly after the peak of the collapsibility velocity. Even if a short period of irrigation was suspended in this process, the trend of change in the collapsibility curve and rate will only fluctuate slightly. After the collapsibility velocity began to decline, the loess was nearly saturated because of the early infiltration. Even if the irrigation ended, the water content in the loess will remain relatively high to maintain the current decline rate of the collapsibility velocity. When irrigation was resumed, the two curves would continue to follow the previous trend of change and the collapsibility velocity would not increase slightly when the overall performance decreases. However, the results presented in Figure 8 were unexpected. When the collapsibility velocity approximated the velocity in the final stable period, given the resumption of irrigation, the collapsibility velocity increased again and reached a new peak on the 14th day, which was only one day after the resumption of irrigation. e comparison results of the two peaks indicated that the collapsibility velocity of loess in this region decreased rapidly within 3 days after reaching the first peak but tended to be stable and approximate the velocity of the final stable period. However, the collapsibility velocity took 8 days to stabilize after the second peak was reached. is phenomenon was also contrary to our expectations. We believed that after the collapse of the previous irrigation period, the loess structure will become more stable than that in the initial state (we called the improved structure) and the improved structure will remain unchanged during reirrigation.
us, the time required to stabilize will be shorter than before. e benchmarks took longer to stabilize after the secondary collapse than it did after the rst collapse because the continued loess settlement may be closely related to the change in loess structure during irrigation. Under the condition of lower water content, the loess structure will be relatively stable and the cementing e ect between particles which formed spaced pores is strong. is type of pores easily forms porous media with enhanced permeability. Irrigation water may in ltrate downward faster in such media than in the compact structure. us, once a large amount of irrigation water is encountered, the connection between particles will be reduced under the action of loess water sensitivity and the overhead pore will be destroyed. In addition, the internal structure will collapse, and the broken structure will be lled in the original position of the overhead pore. e collapsibility velocity of this type of collapsibility mode increases and decreases rapidly. Given that loess in nature constantly develops toward a stable state, these changes were macroscopically realized as a rapid collapse in the foundation. After a collapse and maintaining a relatively high water content, the spaced pores in the loess were destroyed. us, a small space for collapsibility is identi ed in the subsequent irrigation. Macroscopically, the accumulated settlement of the foundation at this time was small and the collapsibility velocity was slow. e nal stable period exhibited in Figure 6 is the same as that in the typical curve. e curve is close to the horizontal direction, and the foundation gradually stabilizes.
In the SEM experiment, six representative images with good image quality were selected for comparative analysis. Figure 9 shows the microstructural comparison of the same sample at the same position before and after humidi cation. On a microscale, the three deformation types of the loess particles are movement, dissolution, and reunion. e change of aggregates A3 and A5 is a typical representative of particle movement. In the case that the basic shape, size, and relative angle relationship of triangle T1 remain unchanged, the aggregate of A5 moves 50°u pward, while the original position of the aggregate is occupied by the aggregate of A3, thereby forming a new pore structure. Similarly, aggregate A1 and particles P1 and P3 also change their state through this deformation mode. Dissolved substances in loess generally refer to clay particles cemented around silt and sand grains. Some watersoluble minerals dissolve under the action of water, which disperses the previously cemented particles or aggregates. For example, particles P5 and P6 partially dissolve or disappear after humidi cation. Meanwhile, the undissolved parts also have a sense of stripping with the originally connected particles. e dissolved clay will reunite in due course and form new particles or cement other particles. Under the in uence of these three deformation types, the loess will develop toward the overall stability. However, new macro or spaced pores will be formed in the local areas of the loess, thereby providing the possibility for the next collapse.
Discussion
During this irrigation process, two inverse S-shaped curves were similar to two typical collapsibility curves that were connected one after the other. Compared with the typical curve, the second collapse in this observation data was originally a continuation of the rst peak. e loess Figure 8 : e collapsibility velocity of each benchmark. Because the irrigation process was interrupted for three days, the collapsibility velocity curve of the irrigation appears di erent from the typical curve, that is, there is a peak value before and after the interruption. e second peak is smaller than the rst one, and the di erence between these two peaks decreases with the increase of depth. simultaneously lost part of its water and created a second collapsibility because of the water suspension in the middle of 3 days. is nding indicated that the change of water content has a profound in uence on the collapsibility of loess. e water content of the loess a ected its structure, and the structural change led to the deformation change of loess. erefore, the deep reason for the collapsibility of loess is its internal structure change, regardless of whether such a change is related to water, mineral species, and particle morphology. e three deformation decomposition types enable the formation of new macropores in the loess interior for the next collapsibility. erefore, the collapsibility of loess may be a dynamic process related to time and water content. Even if the loess can eventually achieve stability and eliminate collapsibility, the previous dynamic collapse processes should continue to be considered.
Conclusion
We provide the following conclusions on the bases of previous and current irrigation experiments.
(1) e collapsibility of loess is a dynamic process. When heavy rainfall or irrigation occurs, the pore structure inside the loess will be destroyed under the action of water sensitivity. When rainfall or irrigation stops, new pores will eventually be formed with the water content decrease in loess, thereby providing conditions for the next collapse. 
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(2) In addition to the natural state, the collapsibility of loess could not be completely eliminated by itself, even under irrigation conditions. (3) Collapsible loess may result many times, particularly during rainfall, large-scale irrigation, or even continuous irrigation.
Although the accidental event of this irrigation experience had made us realize the multilevel collapsibility of loess, to improve our understanding of the collapsibility of loess, further research is required on mechanism of multilevel collapsibility of loess to guide us in applying engineering geology effectively.
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